Abstract: Increase in CO 2 emissions induced by agricultural inputs in China since its socialist market economic reforms may hinder its sustainable economic development. More attention has been paid to changes in agricultural land use and overall land use benefit; however, relatively less attention has been paid to changes in CO 2 emissions induced by agricultural inputs in China since the reforms. The carbon footprint (CF) variation for total agricultural production, the effects of different inputs on the total CF, and the changes in carbon intensity of the agricultural production system were analyzed using national level agrochemical and energy inputs data for the period 1991 to 2014. The total CF had a fluctuating upward trend, which was mainly affected by increases in nitrogen fertilizer input and energy consumption. The carbon intensity in production decreased, which indicated that the agricultural output value per unit of carbon cost gradually increased according to the market demands. However, the increase in agricultural output value per unit of carbon cost cannot outweigh the potential environmental risks induced by the increase in total carbon footprint per unit area of agricultural land. The improvements promoted by the related agricultural policies in China should aim to strike a balance between agricultural economy development and low carbon intensity in area.
Introduction
Human influence on the climate system is clear, and recent anthropogenic emissions of greenhouse gases (GHGs) are the highest in history [1] . Atmospheric CO 2 concentration is rising, due primarily to fossil-fuel combustion, cropland expansion onto grassland, grassland degradation, and deforestation [2] [3] [4] . Human-induced emissions of carbon dioxide or greenhouse gases, expressed in CO 2 equivalents and by the carbon footprint (CF), have attracted worldwide attention because of their important effects on the environment and global warming. In order to reduce CO 2 emissions caused by production and consumption and develop a low carbon economy, CF assessment has been gradually approved and used by many industrial enterprises and areas [5] [6] [7] . It is also commonly used to assess the impact of household and agricultural CO 2 emissions [8] [9] [10] .
Traditional agriculture mainly relied on renewable resources, such as organic fertilizers and human and animal power. However, modern agriculture is more reliant on non-renewable resources, such as agrochemicals and fossil fuels. This has meant that global agriculture is now regarded as one of the largest emitters of GHGs in the world [10] . Attempts to identify the potential risks associated with high carbon agriculture and ways of developing low carbon agricultural production systems have relied on quantifying the CF. Previous studies have also investigated sustainable agricultural production, ways of reducing agricultural carbon emissions, and potential improvements to the environment by using CF assessments to develop new agricultural input plans, technologies, and management strategies [9] [10] [11] [12] .
Rapid economic development is usually accompanied by highly intensive fossil energy combustion and increased use of industrial processes, which are the most important anthropogenic sources of the greenhouse gases [13] , especially in developing countries. China is the largest developing and agricultural country in the world. Modern agriculture in China has developed rapidly since the formally economic reforms in the early 1990s, which transformed its planned economy into a socialist market economy. China surpassed the U.S., the largest developed country, in 2006 as the largest national source of CO 2 emissions [14] , and agriculture has become one of the most important anthropogenic sources of CO 2 emissions in China. Agrochemical and energy inputs are needed to promote agricultural production and consolidate agriculture's position in the national economy [15] . However, there has been little research on the CF caused by agriculture and how it is affected by agrochemical and energy inputs.
Agrochemical and energy inputs are mainly used on agricultural lands with high use benefits, such as cropland and orchards [16, 17] . Cropland has always changed due to the conversion of high quality cropland to construction land for greater land use benefits, mainly in the economically developed eastern China, the expansion of cropland onto grassland for food security before the Grain for Green Policy in 1999, and the conversion of marginal cropland to forest or grassland for ecological security after the Grain for Green Policy in 1999, mainly in the ecologically vulnerable Western China [18] [19] [20] . Cropland has decreased in China since 2000, which is regarded as one of the chief threats to the nation's food security. To increase agricultural production and the income of farmers, a series of supporting agriculture policies were launched after 2004 in order to relieve the negative influence of the cropland loss on agricultural production. For example, the agricultural tax was abolished in 2006, and agricultural policy objectives were gradually changed from the original "levying more, subsidizing less" to "levying less, subsidizing more" [21] . The implementation of the related land use policies has considerably changed the structure of rural agriculture in China since the early 1990s. It has also had an impact on indirect and direct CO 2 emissions because the agricultural changes have affected agrochemical and agricultural energy inputs. It is therefore essential to investigate CO 2 emission trends and agricultural carbon efficiency after China has formally reformed its socialist market economic system.
The objectives of this study were to: (1) map the total CF variation over time for Chinese agricultural production in order to show how the agricultural intensification affected total CO 2 emission trends; (2) investigate the effects of different inputs on the total CF trend in order to identify the main factors affecting CO 2 emissions; and (3) assess agricultural output value and carbon intensity in order to evaluate the potential reductions in GHGs emissions. Finally, this paper makes some suggestions that should promote low carbon agricultural development and improve the related agricultural policies in China.
Data Collection and Methodology

Data
The agrochemical inputs data (fertilizers, pesticides, and plastic film) and the agricultural output values and their indexes for China were sourced from the China Rural Statistical Yearbook series for the period 1991-2014 [17] . The change in the agricultural land area was based on the data from FAO statistics [22] . The data for the main agricultural energy inputs (raw coal, washed coal, coke, gasoline, diesel, and electricity) were collected from the China Energy Statistical Yearbook series for the period 1991-2014 [23].
Methods
The CF for agricultural production was assessed by considering the total GHGs emissions in carbon equivalents (CE) for each year's production. The agricultural production carbon costs mainly consist of emissions from the manufacture of the agrochemicals applied and from the energy directly consumed by agriculture. Cheng et al. [10] suggested that direct N 2 O emissions from agricultural lands, caused by chemical fertilizer-N application, made a significant contribution to the total GHG emissions, so this was also taken into account. Thus, carbon cost induced by N fertilizer use consisted of indirect CO 2 emissions from N fertilizer manufacture and direct CO 2 emissions (equivalents) from N fertilizer application-induced N 2 O. The CO 2 emissions due to agricultural infrastructure were not considered in the CF analysis.
The individual carbon cost for agricultural production was calculated using the following equation:
Carbon cost " Emission source inputˆEmission factor (1)
where "Carbon cost" represents the CO 2 emissions caused by a certain input from an agricultural production emission source in tCE; "Emission source input" is the applied amounts of N, P, and K fertilizers, pesticide, plastic film, raw coal, washed coal, coke, gasoline, or diesel in tons or the consumption of electricity in MWh (1 MWh = 10 3 kWh); and the "Emission factor" is the individual carbon intensity in tCE per unit mass (ton) or per MWh caused by individual agricultural inputs. The yearly emission factor for electricity was based on the study by Huo et al. [24] . The emission factors used in this study are listed in Table 1 . The carbon cost caused by direct N 2 O emissions induced by chemical N fertilizer inputs was calculated using the following equation:
where C N represents the direct N 2 O emissions from N fertilizer application (in tCE); N represents the amount of N fertilizer (t) applied; EF N represents the emission factor for N 2 O emissions caused by N fertilizer application (tN 2 O-N t´1N fertilizer); 44/28 is the molecular conversion factor of N 2 to N 2 O; 298 is the net global warming potential (GWP) over a 100-year period; and 12/44 is the molecular conversion factor of CO 2 to C [10, 29] . The total CF estimation for agricultural production was calculated by considering all of the individual carbon costs listed in Table 1 . The formula used was:
where C F , C N , C P , C PF , C C , C G , C D , and C E represent the individual carbon costs due to fertilizer inputs (N, P, and K fertilizers), direct N 2 O emissions from N fertilizer application, pesticides, plastic films, coal, gasoline, diesel, and electricity, respectively.
Carbon intensity was defined as the total emissions induced with production in a unit output value of agricultural production or a unit area of agricultural land, which was used to reflect the impact of agricultural land use on GHG emissions and the cost-effectiveness at the expense of CF for a production system [10] . The carbon intensity in production (CIP) was calculated by dividing the total CF by the agricultural output value for that respective year. The equation used was:
where CIP is carbon intensity in production, CF is total carbon footprint caused by agricultural inputs, and AOV is the agricultural output value. The AOV was recalculated based on the constant price in 1991 (the first year of the study period) and the agricultural output value index (Supplementary Materials). The agricultural output value includes output values for crop production, forestry, animal husbandry, and fishing, because agrochemicals and agricultural energy are needed by the entire agricultural production system. Carbon efficiency was defined as the agricultural output value per unit of carbon cost. Carbon intensity in area (CIA) was calculated by dividing the total CF by the agricultural land area for that respective year. The equation used was:
where CIA is carbon intensity in area, CF is total carbon footprint caused by agricultural inputs, and AL is the agricultural land area.
Results
Total CF Variation over Time for Chinese Agricultural Production
The total CF for Chinese agricultural production had a fluctuating upward trend. The total CF caused by agrochemical inputs (fertilizers, pesticides, and plastic film) and energy inputs (raw coal, washed coal, coke, gasoline, diesel, and electricity) increased from 93.29 Mt CE (1 Mt = 10 6 t) in 1991 to 158.93 Mt CE in 2014, with an average of 127.96 Mt CE and an annual growth rate of 2.9% ( Figure 1 and Table 2 ). The total CF trend could be roughly divided into three time periods, i. 
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The total CF for Chinese agricultural production had a fluctuating upward trend. The total CF caused by agrochemical inputs (fertilizers, pesticides, and plastic film) and energy inputs (raw coal, washed coal, coke, gasoline, diesel, and electricity) increased from 93.29 Mt CE (1 Mt = 10 6 t) in 1991 to 158.93 Mt CE in 2014, with an average of 127.96 Mt CE and an annual growth rate of 2.9% ( Figure  1 and Table 2 ). The total CF trend could be roughly divided into three time periods, i.e. 1991-1999, 2000-2007, and 2008-2014 (Figure 1 ). The total CF unsteadily increased during the first period, with an average of 104.59 Mt CE and a lower annual growth rate of 2.0%. It obviously increased during the second period, with an average of 136.01 Mt CE and a higher annual growth rate of 2.8%, and linearly increased during the third period, with an average of 148.79 Mt CE and an annual growth rate of 2.2%. Two abnormally high values could be found in 1995 and 1996, and distinct changes in the total CF occurred in 2000 and 2008. 
Effects of Different Inputs on Total CF
The average percentage CO 2 emissions caused by different agricultural input contributions to the total CF from 1991 to 2014 were calculated, and the percentage contribution order was N fertilizer (58.81%) > electricity (12.17%) > diesel (7.96%) > coal (7.31%) > pesticides (6.36%) > plastic film (3.07%) > P fertilizer (1.71%) > gasoline (1.10%) > K fertilizer (0.93%). The average percentage contributions of the different inputs to the total CF over the study period indicated that chemical fertilizers and energy consumption contributed 90.58% to the total CF, while pesticides and plastic film accounted for only 9.42% (Table 3) . CO 2 emissions induced by fertilizer use accounted for 61.45%, on average, of the total CF, of which about 58.81% was contributed by N fertilizer use. This consisted of 35.11% indirect CO 2 emissions from N fertilizer manufacture and 23.71% direct CO 2 emissions from N fertilizer application-induced N 2 O. Direct CO 2 emissions from energy consumption contributed 29.12% to the total CF, of which 12.17%, 9.06%, and 7.90% were contributed by electricity, fuel oil, and coal use, respectively.
The CF trend was mainly determined by CO 2 emissions induced by N fertilizer input and energy consumption. Table 2 The absolute contributions of indirect CO 2 emissions from K fertilizer, plastic film, pesticides, and P fertilizer to total CF were relatively small. However, their relative growth rates were higher than those from N fertilizer and agricultural energy (Table 3) . They increased in the order K fertilizer > plastic film > P fertilizer > pesticides when the 1991 data for carbon costs was used as the base standard. 
Agricultural Output Value and Carbon Intensity
The agricultural output value in China gradually increased from 0.82 TCNY in 1991 to 2.93 TCNY in 2014, with an annual increase rate of 88.2 billion CNY. The agricultural output value increased at a faster rate than total CF in China, which led to the CIP declining from 0.114 kg CE/CNY in 1991 to 0.054 kg CE/CNY in 2014 (Figure 2 ). The CIP curve was convex between 2000 and 2007, which was due to the higher energy inputs during that period. The decrease in CIP indicated that agricultural land use was restructured and effectiveness of agricultural inputs was gradually improved according to the market demands, which subsequently led to improved carbon efficiency. However, the carbon intensity in area generally increased from 182.43 kg CE/ha in 1991 to 305.71 kg CE/ha in 2013 (Figure 2 ), because the CF generally increased and the agricultural land generally decreased after 1998. In other words, the increase in agricultural output value per unit of carbon cost cannot outweigh the potential risks induced by an increase in total carbon footprint per unit area of agricultural land. 
The agricultural output value in China gradually increased from 0.82 TCNY in 1991 to 2.93 TCNY in 2014, with an annual increase rate of 88.2 billion CNY. The agricultural output value increased at a faster rate than total CF in China, which led to the CIP declining from 0.114 kg CE/CNY in 1991 to 0.054 kg CE/CNY in 2014 (Figure 2 ). The CIP curve was convex between 2000 and 2007, which was due to the higher energy inputs during that period. The decrease in CIP indicated that agricultural land use was restructured and effectiveness of agricultural inputs was gradually improved according to the market demands, which subsequently led to improved carbon efficiency. However, the carbon intensity in area generally increased from 182.43 kg CE/ha in 1991 to 305.71 kg CE/ha in 2013 (Figure 2) , because the CF generally increased and the agricultural land generally decreased after 1998. In other words, the increase in agricultural output value per unit of carbon cost cannot outweigh the potential risks induced by an increase in total carbon footprint per unit area of agricultural land. Agrochemical and electricity inputs, especially K fertilizer, plastic film, and P fertilizer, obviously increased with a high agricultural output value over the study period (Figure 3 Comparatively, cash crop (a general term for cottons, oil-bearing crop, sugar crop, hemp crop, tobaccos, vegetables, melons, and flowers in China) production is more closely related to agricultural output value and farm incomes. It increased from 367.15 Mt in 1995 to 938.14 Mt in 2014. Notably, cash crop yield has exceeded grain crop yield since 1998. In addition, about 80% of the cash crop yield was contributed by vegetable production based on the national yield statistics. Vegetable production increased from 257.27 Mt in 1995 to 760.05 Mt in 2014. The increase in vegetable production needed more agrochemical and energy inputs than the observed rise in grain production, especially N fertilizer, K fertilizer, plastic film, and pesticides. The increase in agricultural output value per unit of carbon cost also cannot outweigh the potential risk of agricultural non-point pollution induced by an increase in agrochemical inputs per unit area of agricultural land. Agrochemical and electricity inputs, especially K fertilizer, plastic film, and P fertilizer, obviously increased with a high agricultural output value over the study period (Figure 3 The increase in vegetable production needed more agrochemical and energy inputs than the observed rise in grain production, especially N fertilizer, K fertilizer, plastic film, and pesticides. The increase in agricultural output value per unit of carbon cost also cannot outweigh the potential risk of agricultural non-point pollution induced by an increase in agrochemical inputs per unit area of agricultural land. 
Discussion
CO2 Emissions and the Related Chinese Agricultural Policies
The rising trend in total CF was closely related to the development of the agricultural intensification that began with the initiation of socialist market economic reforms. The two abnormally high values of the total CF in 1995 and 1996 were due to the government incentives to improve agricultural production by increasing agrochemical and energy inputs and by township enterprise development incentives introduced in 1995 and 1996 [30] . From 2000 to 2007, the total CF increased from a higher starting point. This is because that the Grain for Green Policy of returning marginal cropland to forest or grassland was mainly implemented from 2000 to 2007 to combat land degradation in China. The higher agricultural inputs, especially agricultural energy [31] , were used to increase the income of farmers and to compensate for the impact of reduced cropland area and decreased land productivity for the Grain for Green Policy.
The CF increased dramatically between 2004 and 2007, because a series of policies to support agriculture were launched in this period, especially the exemption of agricultural tax in 2006, which aimed to prevent the decline in grain production and improve agricultural production capacity [30, 32] . The proportion by energy from 2008 to 2014 was relatively low, because a series of low-carbon agricultural techniques were adopted to increase the use efficiency of agricultural energy and to reduce carbon emissions induced by the energy consumption [33, 34] . Thus, the total CF slightly increased from a relatively lower value in 2008 over 2008-2014. It is clear that the socialist market economic reforms and related agricultural policies and low-carbon techniques had a significant influence on agricultural inputs and the related total CF associated with Chinese agricultural production.
In a general agreement with the findings from similar studies [10, 35, 36] , the absolute contributions from N fertilizer-and energy-induced emissions in this study indicate that reduction in N fertilizer and energy use in China's agricultural production offer a great option to reduce the national total GHGs emission. The absolute contributions from indirect CO2 emissions caused by K fertilizer, plastic film, pesticides, and P fertilizer to total CF were relatively small compared to N fertilizer and agricultural energy. However, their relative growth rates were higher, and their potential environmental risks in the future cannot be neglected. Thus, the improvement of the related agricultural policies and techniques needs to consider both the absolute and relative percentage contributions from CO2 emissions induced by each agricultural input.
Agricultural Economy Development and Low Carbon Requirements
The increase in agricultural output value in China was mainly due to the switching from low-valued grain crops to high-valued cash crops or fruits, crop variety improvement, and the above-mentioned agricultural inputs. Population growth and the associated increase in food and 
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In a general agreement with the findings from similar studies [10, 35, 36] , the absolute contributions from N fertilizer-and energy-induced emissions in this study indicate that reduction in N fertilizer and energy use in China's agricultural production offer a great option to reduce the national total GHGs emission. The absolute contributions from indirect CO 2 emissions caused by K fertilizer, plastic film, pesticides, and P fertilizer to total CF were relatively small compared to N fertilizer and agricultural energy. However, their relative growth rates were higher, and their potential environmental risks in the future cannot be neglected. Thus, the improvement of the related agricultural policies and techniques needs to consider both the absolute and relative percentage contributions from CO 2 emissions induced by each agricultural input.
Agricultural Economy Development and Low Carbon Requirements
The increase in agricultural output value in China was mainly due to the switching from low-valued grain crops to high-valued cash crops or fruits, crop variety improvement, and the above-mentioned agricultural inputs. Population growth and the associated increase in food and income demands have been a major force driving the continued increases in agricultural output value and agrochemical and energy inputs in China.
Due to the demand for continuous improvements in living standards, cash crops, fruit, and commercial forestry production will make larger contributions to future rises in the agricultural output value. The agricultural output increases mainly relied on excessive inputs of agrochemicals and energy with certain agricultural planting structure; however, there was not enough consideration given to the quality, diversity, and efficient use of agrochemicals and energy. This probably led to nutrient imbalances, inefficient use or over use of agrochemicals and energy, and greater CO 2 emissions. For example, N fertilizer application has exceeded its safe environmental limit of 27.29 Mt since 2007, and P fertilizer application has exceeded its safe environmental limit of 9.96 Mt since 2000 in China [37] . In other words, the increase in carbon efficiency over the study period, with an accompanying increase in carbon intensity in area, had not mitigated the potential risk of nutrient imbalances and the inefficient use of agrochemicals and energy [33, [38] [39] [40] and caused greater CO 2 emissions resulting from rising agrochemical and energy inputs. Furthermore, the decline in soil quality, especially soil acidification [41] and soil compaction [42] , caused by the inefficient and over use of agrochemicals and the lack of pressure to combine agrochemical applications with organic inputs and to improve soil properties, has seriously affected the sustainable use of soils in intensive Chinese agricultural systems. Improvement of soil quality will lead to more CO 2 emissions, because more agricultural materials and energy will be needed.
It is clear that the development of agricultural economy requires increasing agricultural inputs in China. However, the sustainable development of agricultural economy will depend on the quality, diversity, and efficient use of agricultural inputs in order to keep the balance between agricultural economy development and low carbon requirements. Thus, there is an ongoing need to develop sustainable agriculture based on lower CO 2 emissions in agricultural production processes. In order to control the possible reduction in yield and increase in CIP caused by the reduction of agrochemical and energy inputs, it would be essential to increase the use efficiency of agrochemicals and energy, to use more organic fertilizer, biopesticides, straw pulp film, and biodiesel in energy-saving machinery [43] , and to optimize the input structure of all agricultural materials and energy. In particular, the use of biochar from crop straw pyrolysis as a soil amendment to agricultural land could cut down the carbon cost of N fertilizer use [44] .
Uncertainty of Assessment of CO 2 Emissions Induced by Agricultural Inputs
Changes in CO 2 emissions and the related carbon intensity induced by agricultural inputs for agricultural production in China over 1991-2014 were assessed; however, there are still some sources of uncertainty for the detailed assessment. Without detailed data of agrochemical and energy inputs for each main agricultural component (crop and fruit, forestry, animal husbandry, and fishing), it would be impossible to quantitatively analyze the contribution of CF from each main agricultural component to the total CF. Uncertainty could also arise from the use of data for agricultural inputs obtained from statistical yearbooks in China and data for the agricultural land area obtained from FAOSTAT. In addition, the use of emission factors for P fertilizer, K fertilizer, and pesticides available abroad could also lead to uncertainty because of their absence of studies in China [10] . Despite the mentioned sources of uncertainty, the overall estimation in this paper could offer elementary information for understanding the carbon cost caused by each agrochemical and energy input and the changes in CO 2 emissions from China's agricultural production since its socialist market economic reforms.
Conclusions
The increase in CO 2 emissions caused by agrochemical and energy inputs could reflect the potential environmental risk of agricultural intensification in China. The increase in the total carbon footprint for agricultural production over the study period was due to the influence of the initialization of socialist market economic reforms since the early 1990s and a series of ecological and supporting agricultural policies since 1999.
The total CF for agricultural production showed a volatile upward trend, and the total CF variation over time could be split into three periods, i.e., 1991-1999, 2000-2007, and 2008-2014 . The CF trend was mainly affected by the CO 2 emissions caused by N fertilizer inputs and energy consumption. However, the relative growth rates of CO 2 emissions caused by K fertilizer, plastic film, P fertilizer, and pesticides were higher than those caused by N fertilizer and agricultural energy. Thus, the potential risks casued by all agrochemical and energy inputs need monitoring.
The relative growth rate of agricultural output value was higher than that of total CF in China, which led to the decease in carbon intensity in production from 1991 to 2014. However, the increase in agricultural output value per unit of carbon cost does not outweigh the potential risks induced by the increase in total carbon footprint per unit area of agricultural land. This study is a reminder that the increasing carbon intensity in area may affect the overall success of the series of supporting agricultural policies and sustainable agricultural development in China.
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